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Abstract 

The receptor To, the epidermal r * *~ (EOF) l^^^t^Z 
supcrramily of receptors with .ntnns.c tyrosine kinase act ,v.ty w£eiy p £GF> 
epithelial and mesenchymal lineages. Upon acuvauon by at _least five genetic. V « 8 act;valed and 

transforming erowth facto,* <TGF«) and hepann-b.nd.ng . EOF clo^.y-related c-erbB 

EGFR tyrosyl-phosphorylates itself and numerous * ^ which attenuate receptor signaling. The 

receptor farnHy .embers. This mnogenesi* or apoptosi, enhanced cell 

integrated biological responses to EGFR Signaling are pic K addition lo being implicated in organ 

m otW P-tein secretion, ^V^^^ in I wide variety of 

morphogenesis, maintenance and .^^£2 ^^fand it, downstream signaling molecule, arc 
tumors with progression to invasion and ™™^ l \™> * p^ ished by Elsevier Science Ltd. 
targets for therapeutic interventions m wound repair and cancer. Published t>y tisc 

• • M nr kinase fRPTKV Tumor invasion: Wound heating: Organogenesis; Signaling pathways 
Keywords: Receptor prolan tyrosine kinase (Kr l n, ^moi ^ ^ 



1. Introduction 

Cell surface molecules communicate infor- 
mation from the external milieu to the cell. This 
sensing is critical in multicellular organisms as 
the cells must function appropriately to ^ their. 
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localization and respond in concert to the needs 
of the organism. One major family of sensors is 
comprised of transmembrane receptors with 
intrinsic protein tyrosine kinase activity (RPTK), 
the prototypal member of which is the EGF 
•receptor (EGFR; also referred to as HER 
(human EGF receptor) and c-erbBl) as it was 
the first receptor described to possess tyrosine 
kinase activity and the first member of this super- 
family to be sequenced. Co-incidentally, the 
structure of EGFR appears 10 represent an 
archetypal pattern for this superfamily of extra- 
cellular sensors that control basic cell functions. 
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Fin 1 Structural mottfs and regulatory elements in the EGF 
receptor. The mature EGFR polypeptide is shown. On the left 
changes which characterize the t*o variants are shown:.tnc 
deletion orexoo, 2-7 in EGFRvllI and the »lt«naovcly 
sliced tail of the secreted EGFR (sEGFR). Other h.ghhehted 
structures include the t«o cystcine-rich (CR) domains, the da- 
continuous ligand-binding domain*, which are different but^ 
overlapping for the various ligands. The transmembrane (TM) 
stretch separates the glycosylated extracellular domain irom 
the intracellular regions. This biter includes the tyroi.ne 
kinase domain as well as the autophosphorytaled tyrosines 
(Y) the site ofPKC transmodulnlion on threonine al ammo 
acid 654 (T654). and the calpain cleavoge site. Not shown are 
the three intcrna&ation domains (at 973. 996. and 1 1 49). 



These receptors all present kinase activity di- 
rected against tyrosine residues located both 
within the receptor itself (autophosphorylalion) 
and on target downstream molecules. Ligand 
binding activates the kinase which, with a poss- 
ible few minor exceptions, is required for all cel- 
lular responses. The pleiotropic cell responses 
actuated via still ill-defined pathways, include cell 
proliferation, migration, and differentiation as 
well as homeostatic functioning. 



2. Structure 

• EGFR is somewhat unusual among RPTK in 
that there is a single isoform, from a single 26 
exon gene located across HOkb on chromosome 
7pll-13, which serves as the sole or overwhel- 
mingly predominant receptor for multiple distinct 
ligands including EGF, TGF«, amphircguhn. 
HB-EGF and a number of virally-encoded fac- 
tors The protein product of this gene is most 
often an 1186 amino acid mature transmembrane 
glycoprotein (Fig. 1). An amino-term.nal 622 
amino acid extracellular domain containing two 
cvsteine-rich domains comprises the hgand bind- 
ing domain. There is a single alpha-hcl.cal trans- 
membrane pass. The intracellular 542 ammo 
acids can be grouped into three domains, the 
juxtamembrane domain (-50 amino acids) serves 
primarily as a site for feedback attenuation by 
PKC (protein kinase C) and erk MAP kinases 
(extracellular signal-regulated kinase, iwtogen- 
activated protein kinase), though there is evi- 
dence that a motif within this region may link to 
heterotrimeric G proteins [\]. Next comes a con- 
tiguous -250 amino acid tyrosine kinase (SHI, 
sre homology 1) domain. A unique 229 amino 
•acid long carboxy-terminal tail contains five 
autophosphorylation motifs which link to pro- 
teins containing SH2 or PTB (phospho-tyrosmc 
binding) domains, at least three internalization 
motifs comprised of a light turn, and sites Tor 
transphosphorylation and proteolytic activation 
and degradation. This tail also functions as an 
autoinhibitory substrate; in the absence of cither 
auiophosphorylation or removal, ligand-act.vated 
EGFR is unable to phosphorylate substrates. 
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Fig. 2. Ligand-re^ate* -meting and diction of EGFR. Upon ligand binding 
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the ligand-ECF remain, bound and directs the raptor and bound E .OF ^ ~n ^ mechaniim is Mlur . led (at af , 

surfa« while the majority of TCFa will Slill be dc fi uded. ^ the balk ph«. 



The EGFR autophosphorylation motifs are 
structurally similar [2] and functionally redun- 
dant, in distinction to many other RPTK. This 
simple architecture and flexible interchange of 
redundant motifs bespeaks an archetypal gene. 

There are two established and one proposed 
EGFR variants. A splice variant proximal to the 
transmembrane domain generates a secreted form 
of EGFR which can act as a dominant-negative 
in experimental situations. Whether, this acts inv 
vivo as a negative titrater of signaling or as a sol- 
uble binding protein extending the life-spati" ;pf 
EGFR ligands or acting as an extracellular sink 
for predeposited ligands remains to be deter- 
mined. A non-ligand binding but constitutive^ 
active EGFR variant (EGFRvIIl) lacking amino 
acids 6-273 (exons 2-7) across the first cysteine- 



rich domain was first reported as a tumor-specific 
gene rearrangement; more recent work has 
suggested that this rearranged gene may replicate 
a splice variant present during development (3]. 
The presence of immunologically- and biochemi- 
cally-defined EGFR in the nucleoplasm has lead 
to suggestions of a transmembrane-ncgative 
splice variant similar to one reported for the re- 
lated k-sam gene; however, this species has yet to 
/be positively identified. Except for EGFRvIIl in 
select tumor types, these EGFR variants rep- 
resent minor populations observed only in lim- 
ited situations. 

EGFR interacts with most members of the c- 
erbB subfamily of RPTK. The ligand for crbB-2 
is undefined while erbB-3 and erbB-4 serve as 
heregulin and neuregulin receptors. However, a 
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major function of these other receptors appears 
io be as downstream efTectors of each other. 
These receptors hcteio-aggregate, cross-phos- 
phorylate, and modulate signaling from ^ach 
other in specific pairings. For instance, EGFR 
(erbB-1) will interact with erbB-2 and erbB-3 out 
not erbB-4. but erbB-4 will pair with erbB-2. Of 
particular note is that erbB-3 lacks kinase ac- 
tivity rather serving as a docking protein to 
recruit a broader spectrum of downstream efTec- 
tors after phosphorylation by EGFR or erbB-2. 
Such a situation may be reiterated by the tumor- 
specific EGFRvIII. 

3. Expression and degradation 

EGFR is present on all epithelial and stromal 
cells as well as select glial and smooth muscle 
cells. It is transcribed from a TATA-less promo- 
ter as two predominant large mRNA species that 
differ by the extent of 3' untranslated sequence 
(in humans as ~6 kb and -9 kb species). 
Relatively little has been reported about tran- 
scriptional control or EGFR. though it appears 
io decline with cellular aging at least in dermal 
fibroblasts. Post-translational processing and 
trafficking has been extensively studied and 
reviewed. In polarized epithelial cells EGFR is 
largely restricted to the basolateral aspects, 
allowing for cpithelial-stromal communication 
from fibroblast-derived TGFa and other matrix- 
associated EGFR ligands. This asymmetric pres- 
entation of EGFR limits autocrine signaling, as 
many of these epithelial organs, particularly 
throughout the genitourinary system, secrete 
copious amounts of EGF into the lumens [4). 

Upon hgand binding and activation, EGFR 
undergo internalization via a saturable endocytic 
system which depends on specific adaptins and 
sorting nexins complexing with EGFR carboxy- 
terminal motifs. The fate of the receptor depends 
on continued occupancy and kinase activity; 
EGF remaining bound in the acidic late endoso- 
mal compartment, directs EGFR to degradation 
whereas activation by TGFa, which displays a 
pH-scnsitive dissociation, -results in recycling. 
Ligand-induced internalization and degradation 



results in signal attenuation with net removal of 
cither receptor (in the case of nond.ssociativc 
ligands like EGF) or ligand (for dissociative 
ligands such as TGFa) [5] (Fig. 2). Thus, differ- 
ent ligands can dictate the strength and temporal 
lifespan of EGFR signals, thereby providing a 
rationale for the existence of multiple genetically- 
distinct ligands. 



4. Biological function 

EGFR is a pleiotropic signaler. The integrated 
biological response to EGFR activation varies 
from mitogenesis to apoptosis. migration to 
differentiation to dedifferentialion even in the 
same cell depending on the context, which 
includes cell density, type of matrix, other cyto- 
kines, and even the position within a cell colony. 
The molecular bases of these responses is only 
now being defined [6]. 

EGFR kinase triggers numerous downstream 
signaling pathways similar to other RPTK and 
tyrosine kinase-Iinked cytokine receptors. These 
pathways include those that involve PLCy (phos- 
pholipasc C-y) and its downstream calcium- and 
PKC-mediated cascades, ras activation leading to 
various MAP kinases, other small GTPases such 
as rho and rac, multiple STAT (signal tranducer 
and activator of transcription) isoforms, and het- 
crotrimeric G proteins, as well as others to a les- 
ser extent including the phospholipid-directcd 
enzymes PI3 kinase (phosphatidylinositol 3'-OH 
kinase) and PLD (phospholipasc D), and the 
proto-oncogene cytoplasmic tyrosine kinase src. 
While this confusion of cascades has prevented 
lucid exposition of biochemical links to biological 
responses, a few principles are becoming clear. 
First, a number of signaling pathways can be 
shown to be required, but not sufficient for a 
particular response; PLCy-mediated hydrolysis of 
P1P 2 (phosphatidylinositol (4.5) bisphosphatc) 
and mobilization/activation of actin-modifymg 
proteins is required for EGFR-mediatcd motility, 
but motility is blocked if MEK (MAP kinase 
kinase) signaling is abrogated [6-8]. Second, 
many signaling pathways contribute to multiple 
responses; activation of the erk MAP kinases 
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promotes both proliferation and migration-; [8] ; . 
Third, other signals, both biological and bid- 
physical, modulate the response to EGFR aeti-< 
vation; epithelial and stromal cells only exhibit 
biological responses when attached to a tensed 
substratum [9]. Fourth, temporal and spatial con- 
trol of EGFR signaling dictates the biological 
outcome possibly by altering the balance between 
various signaling pathways; the motility-associ- 
ated PLCy pathway initiates a PKC-mediated 
feedback attenuation which only slightly 
decreases global erk activation (but likely alters 
localized erk popuJations) which shifts the re- 
sponse from proliferative to migratory (10] -(Fig, . 

*AII this begs the question of the physiological 
role of EGFR signaling. This has been 
approached by extrapolation from in vitro exper- 



iments, in vivo perturbations such as disrupting 
EGFR regulation by adding or blocking ligands, 
and, most recently, by genetic engineering. The 
first noted role for EGF was maturation of epi- 
thelial tissues, as evinced by precocious eye open- 
ing and tooth eruption upon injections of EGF. 
This developmental role has been supported by 
EGFR knockouts which die in the neonatal 
period due to severe immaturity of several epi- 
thelial organs; that the pattern and severity of 
the developmental retardation is dictated by the 
genetic background of the mice suggests that 
other RPTK may be recruited to subsume, at 
. least partially, the roles of EGFR. It also was 
shown that postpartum milk production was 
enhanced by EGFR signaling, suggesting a meta- 
bolic role [1 1]. In adult animals, EGFR signaling 
has been postulated as important for organ 
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repair, which may be viewed as nco-organogen- 
esis- reduction of EGF levels impairs hepatic re- 
generation. Throughout the genitourinary tract, 
high levels oF lumenal EGF are proposed to 
stimulate repair of epithelial breaks by gaming, 
access to basolatcral EGFR. , 

In most of these situations the operative cellu- 
lar response is assumed to be the mitogenic re- 
sponse to EGFR signaling. However, during 
development cells must proliferate, migrate and 
differentiate, and during repair dedifTerentiation 
may also play a role. Parsing the individual cell 
responses has been confounded by the pleiotropic 
nature not only of EGFR signaling but also of 
several of the downstream effectors. Recently, we 
have identified PLCy as being required for 
EGFR-mediated motility but not mitogenesis. 
Inhibiting this specific pathway in breast and 
prostate epithelial cells, severely retards the 
branching morphogenesis. This pattern is simihr 
to mammary glands in which global EGFR sig- 
naling is abrogated by a dominant-negative 
EGFR [12]. This suggests that the operational re- 
sponse is not mitogenesis but migration. Many 
further investigations are needed to determine the 
situations in which each of the integrated cellular 
responses function physiologically. 



S. Medical/industrial application 

Control of EGFR signaling will likely provide 
important opportunities in three main areas^- 
cancer treatment, organ repair, and cell pro- 
duction. EGFR is the receptor most often found 
upregulatcd in a wide variety of human tumors 
[13]. Due to its early identification as the proto- 
oncogene of the transforming v-erbB oncogene 
and its association with the genesis of numerous 
tumors. EGFR has been the target of numerous 
therapies, ranging from therapeutic and imaging 
antibodies to toxin-linked ligands to enhance- 
ment of targeting for gene therapy vectors [14]. 
These approaches have primarily used upregu- 
latcd EGFR as a tumor-specific target basejl op 
a therapeutic index as EGFR expression is wide- 
spread; the special case of EGFRvIII deleted 
EGFR may, however, represent a 'true' tumor- 



specific antigen. In many tumors EGFR levels 
are not overexprcssed but rather signaling is 
upregulated due to autocrine stimulatory loops 
secondary to the breakdown of cellular asymme- 
try and spatial segregation of EGFR and its 
ligands. In these cancers, the therapeutic index 
based on EGFR levels is not available. Rather, 
one needs to evaluate the biology of the tumor. 
Two cellular responses are considered targets: 
proliferation and migration. At present, EGFR- 
mediated but not basal migration can be 
approached by abrogating activation of PLCy. 
We have demonstrated that in a mouse xenograft 
model of human prostate carcinoma, inhibition 
of this signaling pathway prevents tumor inva- 
sion, albeit tumor growth remains unaffected. 
Interestingly, this likely represent the pathologi- 
cal aspect of the physiological role of branching 
morphogenesis. EGFR-spccific proliferation, 
which may be critical for metastatic growth in 
ectopic sites, currently is less accessible as most 
downstream targets would likely have widespread 
unintended toxicities to proliferative organs such 
as bone marrow and gastrointestinal lining. Still, 
EGFR-mediated downstream signals may rep- 
resent a fruitful avenue for attacking tumor inva- 
siveness as an adjunct therapy for anti-mitotic 
therapy or surgical/radiotherapy bulking. 

EGFR modulation holds tremendous promise 
in promoting wound repair and limiting scarring. 
One can easily envision that by understanding 
the quantitative aspects of EGFR signaling on 
both proliferation and migration, new agents and 
materials would be developed to improve derma) 
wound repair, which is readily accessible to 
repeated and targeted 'drug' applications. During 
wound repair both proliferation and migration 
must be triggered but in the proper spatial and 
temporal context. Our lack of understanding of 
this complex orchestration likely underlies the 
failure of EGF and other growth factors to 
improve this clinical situation to date. A second 
use bespeaks this fine balance between augment- 
ing and abrogating repair. Injection of high con- 
\ centration of EGF results in sheep shedding their 
fleece and has been promoted as an alternative to 
shearing, though a costlier one. While current 
human fashion dictates against total hair loss 
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having a significant cosmetic market, localized 
depilatory action may be profitable 

One major industrial use of EGFR signaling is 
in the production of bio-pharmaceuticals. As 
genetically-engineered agents arc made m mam- 
malian celts, a limiting factor will be control of. 
cell growth and viability. The ready avadabihty 
and stability of native and recombinant EC*,K 
Ugands even in harsh conditions coupled with 
cross-species promiscuity make these ideal for 
large-scale cell cultures. Furthermore, specific 
alterations and modifications have been shown to 
alter the signaling properties to extend the bioac- 
tivity or spare cell receptors [15]. 
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